Under the influence of standardly used description of Coulomb-hadronic interference proposed by West and Yennie the protons have been interpreted as transparent objects; elastic events have been interpreted as more central than inelastic ones. It will be shown that using eikonal model the protons may be interpreted in agreement with usual ontological conception; elastic processes being more peripheral than inelastic ones. The corresponding results (differing fundamentally from the suggested hitherto models) will be presented by analyzing the most ample elastic data set measured at ISR energy of 52.8 GeV. Detailed analysis of measured differential cross section will be performed and different alternatives of peripheral behavior on the basis of eikonal model will be presented. The impact of recently established electromagnetic form factors on determination of quantities specifying hadron interaction determined from the fits of experimental elastic data will be analyzed. The influence of some assumptions on proton characteristics derived from elastic hadronic amplitude determined on the basis of experimental data will be mentioned, too.
I. INTRODUCTION
The differential cross section represents basic experimental characteristic established in elastic collisions of protons. If the influence of spins is not considered, the t (four momentum transfer squared) dependence exhibits a very similar structure in all cases of elastic scattering of charged hadrons at contemporary high energies: there is a dip-bump or shoulder structure following the diffraction peak characterizing the behavior at small |t| practically for all colliding hadrons [1] . The elastic differential cross section dσ dt may be defined using elastic scattering amplitude F (s,t) as (common unitsh = c = 1 used)
where s is the square of the total center-of-mass energy and p is the value of momentum of one incident proton in the centerof-mass system; t = −4p 2 sin 2 θ 2 where θ is scattering angle. According to Bethe [2] the complete elastic scattering amplitude F C+N (s,t) has been commonly decomposed into the sum of the Coulomb scattering amplitude F C (s,t) and the hadronic amplitude F N (s,t) bound mutually with the help of relative phase αφ (s,t):
α = 1/137.036 being the fine structure constant. The tdependence of the relative phase factor αφ (s,t) has been determined on various levels of sophistication. The dependence having been commonly accepted in the past was proposed by West and Yennie (WY) [3] within the framework of Feynman diagram technique (one-photon exchange) in the case of * jiri.prochazka@fzu.cz † kundrat@fzu.cz charged point-like particles and for s m 2 (m standing for nucleon mass) as αφ (s,t) = ∓α ln −t
The upper (lower) sign corresponds to the scattering of particles with the same (opposite) charges.
Formula (3) containing the integration over all admissible values of four-momentum transfer squared t seemed to be complicated when it was proposed. It has been simplified for practical use to perform the analytical integration. The tdependencies of modulus and phase of the hadronic amplitude F N (s,t) defined as 
have been strongly limited. It has been assumed:
(i) the modulus F N (s,t) has had purely exponential tdependence at all kinematically allowed t values;
(ii) the phase ζ N (s,t) has been t-independent for all kinematically allowed t values (see [3, 4] , for more details see [5, 6] ).
As introduced in [7] some other high energy approximations were added, too. For the relative phase between the Coulomb and elastic hadronic amplitude the following simplified expression has been then obtained:
αφ (s,t) = ∓α ln −B(s)t 2 + γ
where γ = 0.577215 is Euler constant and B(s) is the value of diffractive slope B(s,t) at t = 0 generally defined as The t-independence of B(t) is equivalent to the requirement of purely exponential t-dependence of F N (s,t) . One may further define quantity ρ(s,t) as ratio of the real to imaginary parts of elastic hadronic amplitude ρ(s,t) = Re F N (s,t) Im F N (s,t) .
It follows from eqs. (4) and (7) that tan ζ N (s,t) = ρ(s,t) ,
i.e., the assumption concerning t-independence of hadronic phase ζ N (s,t) is fully equivalent to assumption of quantity ρ(s,t) being t-independent.
The complete elastic scattering amplitude F C+N (s,t) has been then written as 
Here the first term corresponds to the Coulomb scattering amplitude (relative phase included) while the second term represents the elastic hadronic amplitude in which the quantity σ tot (s) is the total cross section given by optical theorem
and the quantity ρ(s) is value of the assumed t-independent quantity ρ(s,t). The two quantities G 1 (t) and G 2 (t) stand for the electric form factors taken commonly in standard dipole form (see, e.g., [8] ) as
where Λ 2 = 0.71 GeV 2 . The electric form factors as FourierBessel (FB) transformation of electric charge distribution of colliding hadrons have been put into formula (9) by hand.
As to eqs. (5) and (9) they were derived also by Locher [9] one year earlier than eq. (3) proposed by WY [3] . Locher assumed from the very beginning the validity of both the mentioned assumptions limiting the general t-dependence of the elastic hadronic amplitude F N (s,t). He, therefore, avoided the misleading idea that WY integral formula (3) may be correctly used for determination of the relative phase for any t-dependent elastic hadronic amplitude F N (s,t). The highenergy approximations used in the given approach might be regarded as acceptable at that time when nothing was known about actual structure of elastic differential cross section data. However, the questions have arisen when experimental data have shown not to be in agreement with the mentioned assumptions (for details see [6, 10] ).
Eqs. (1), (5) and (9) have been used practically for the analysis of all hitherto elastic scattering data of charged hadrons in the forward region, i.e., for |t| 0.05 GeV 2 (see, e.g., [4, 8] , [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ); contrary to the fact that both the mentioned theoretical assumptions (i) and (ii) justifying the correctness of both eqs. (5) and (9) have not been fulfilled in the analyzed experimental data. At higher values of |t| the influence of Coulomb scattering has been then fully neglected and the elastic scattering of charged hadrons has been described only with the help of the elastic hadronic amplitude being constructed on a phenomenological basis with completely different t-dependence. Such type of fundamentally inconsistent description of elastic scattering by two different approaches in diverse regions of t has been pointed out and further analyzed in, e.g., [6, [25] [26] [27] [28] .
The elastic hadronic amplitude F N (s,t) has been then transformed into impact parameter representation of elastic scattering amplitude h el (s, b) introduced with the help of FB transform:
J 0 (x) being the Bessel function of the zeroth order. The elastic scattering amplitude h el (s, b) has been then required to fulfill the unitarity equation
with the inelastic impact parameter profile g inel (s, b) being defined similarly as the FB transform of the inelastic overlap function G inel (s,t) fulfilling the unitarity relation [29, 30] (see also [31] )
being valid at any s and kinematically allowed value of t. The function G inel (s,t) represents summation of all possible inelastic states including integration over all remaining kinematical variables specifying corresponding production amplitude; dΩ = sin ϑ dϑ dΦ , t = −4p 2 sin 2 ϑ 2 , t = −4p 2 sin 2 ϑ 2 , t = −4p 2 sin 2 ϑ 2 and cos ϑ = cos ϑ cos ϑ + sin ϑ sin ϑ cos Φ . Variables ϑ , ϑ and ϑ are angles connected with the variables t, t and t in the center of mass system. Formulas (12) and (13) have represented the starting basis practically in all phenomenological model analyses at finite energies where the impact parameter representation of elastic hadronic scattering amplitudes has been made use of, in spite of the fact that the formulas have been derived at asymptotic energies only (see, e.g., [32] [33] [34] [35] [36] [37] [38] [39] ).
The complex function F N (s,t) appearing in eq. (14) can be, however, hardly derived from the mere experimental data with the help of eq. (1). Only its modulus may be practically determined. Complex elastic hadronic amplitude F N (s,t) has been derived if and only if some additional assumptions have been applied to. It has been almost generally assumed that its imaginary part has been dominant in a broad region of t around forward direction and that it has vanished around the region of diffractive minimum. It has concerned all quoted standard approaches as well as the most recently published papers, e.g., .
These additional assumptions have never been actually reasoned. They have led to some unusual physical properties of protons -to large proton transparency in 'head-on' collisions at ISR energies [32, 33] , i.e., to the maximum probability of elastic processes at b = 0 (denoted as centrality of elastic collisions), which has been regarded by some authors as a 'puzzle' [61] . One can also hardly understand why single diffractive production process pp → p(nπ + ) should be peripheral [62, 63] , when all basic characteristics (especially their differential cross sections) are very similar and differ significantly from non-diffractive (inelastic) ones. It contradicts also the standard realistic picture of matter particles; elastic processes being expected to exhibit peripheral behavior.
It has been shown already in [64] that the central interpretation has followed as direct consequence of the mentioned t-dependence of the dominant imaginary part of F N (s,t), or equivalently as a consequence of the amplitude phase very slowly changing with rising |t| in the broad region of t. Such t-dependence has never been theoretically justified (up to our knowledge) in literature.
At the very beginning we have, therefore, asked ourselves a question under which conditions the peripheral picture of elastic pp hadron scattering in the impact parameter space can be obtained provided the measured differential cross section exhibits the well known dip-bump structure. We have started from the fact that the t-dependence of the modulus of elastic hadron amplitude F N (s,t) can be derived from the measured elastic differential cross section dσ /dt using a convenient parameterization based, e.g., on simple polynomial and exponential t-dependences. Parameterization of its phase has been then specified phenomenologically in order to obtain the peripheral distribution of elastic hadron scattering in the impact parameter space. The distribution has been constructed as continuous and having its maximum at some positive impact parameter value.
It has been found already in 1981 in [64] that the highenergy elastic hadronic scattering may be described as a fully peripheral process if the phase has been allowed to change rather quickly with changing t (for more details see [5, 6, [65] [66] [67] ); or if the imaginary part of the elastic hadronic amplitude decreases quickly and vanishes at |t| ∼ 0.1 GeV 2 .
To interpret elastic hadron collisions as peripheral has gained significant support in the analysis of elastic hadron processes between light nuclei. Franco and Yin [68, 69] studied the elastic scattering of α particles on various targets ( 1 H, 2 H, 3 He, 4 He ). They tried to reproduce the momentum transfer distribution of elastic collisions of two objects composed of individual nucleons using the Glauber model approach [70, 71] . As an input they used the 'elementary' nucleon -nucleon elastic scattering amplitude, assuming (in the first approximation) to be the same for all possible combinations of nucleons involved in the scattering. The data were selected in order to have practically the same energy per one nucleon. They obtained an agreement with experimental data in all considered types of scattering if they introduced the strongly t-dependent elementary elastic hadronic phase of the form ζ N (s,t) =γ t 2 + const with |γ| > 10 GeV −2 . Such a simple t-dependence of the phase together with a purely exponential t-dependence of the corresponding modulus was chosen in order to perform analytically all the needed multiple integrals involved in the Glauber model approach. Their elementary nucleon -nucleon elastic scattering amplitude had imaginary part vanishing at |t| ≤ 0.1 GeV 2 , which corresponded to the result obtained in [5, 6, 64] . The technique similar to the Glauber approximation has been also used by Franco [72] in re-deriving the WY integral formula for the relative phase (3) appearing in the Coulomb-hadronic interference.
This approach points to the very important role of impact parameter in investigating the dynamics of hadronic collisions at high energies. It is evident that the corresponding characteristics depend strongly on their size and internal structure. The characteristics of their individual collisions may depend also on the values of their impact parameter.
In order to avoid the before mentioned discrepancies another more convenient approach based on the eikonal model has been proposed; see [73] . In this case the used complete eikonal elastic scattering amplitude describes the influence of both Coulomb and hadronic scattering with the help of only one formula in the whole measured region of momentum transfers in a unique and consistent way. As the Coulomb scattering amplitude has been assumed to be known from the QED (apart from form factors), the only task has consisted in determining the elastic hadronic amplitude F N (s,t).
The aim of the present paper is twofold: first, to expose a consistent mathematical and physical analysis of elastic pp scattering at high energies and at all measured values of momentum transfers within the eikonal model approach proposed in [73] ; and second, to study different profile characteristics of elastic pp collisions in the impact parameter space. Both the tasks will be demonstrated in the case of pp elastic scattering at the ISR energy of 52.8 GeV with the aim to be made use of also in the analysis of elastic pp scattering at the LHC energies when the differential cross section data are available. This approach requires to use the formalism of impact parameter representation of scattering amplitudes. And, of course, full description of Coulomb scattering, i.e., also the knowledge of t-dependence of form factors in the broadest region of t variable. This paper is structured as follows. Electromagnetic form factors needed in description of elastic pp collisions will be discussed in sect. II. The influence of Coulomb interaction (described with the help of both the electric and magnetic form factors) in elastic scattering of charged hadrons in the eikonal model approach will be for the first time analyzed in detail in sect. III. Assumptions concerning parameterizations of elastic hadronic amplitude in contemporary models which are commonly applied to experimental data and leading to central behavior of elastic hadron collisions will be pointed out in sect. IV together with assumptions leading to peripheral behavior. Both the fundamentally different alternatives will be fitted to experimental data of elastic pp scattering at energy of 52.8 GeV (ISR energy) in sect. V and further discussed and compared. The corresponding formalism of impact parameter representation of the elastic hadron scattering amplitude (valid at any s and t) at finite energies used in sect. V is summarized briefly in appendix A. The impact of choice of form factor on the determined results will be also discussed in sect. V. Concluding remarks will be then given in sect. VI.
II. ELECTROMAGNETIC PROTON FORM FACTORS DETERMINED FROM ELASTIC EP SCATTERING
The proton cannot be taken as point-like object, which represents a modification of the simple Coulomb interaction as its charge is distributed in a larger space. The shape of this distribution and its influence on the corresponding interactions is commonly characterized by elastic electromagnetic form factors. The corresponding differential cross section dσ dΩ (in onephoton exchange) in the laboratory frame has been described by Rosenbluth formula (see [74] [75] [76] [77] ) which has been rewritten later by Sachs [78] in the form
Borkowski et al. [80, 81] analyzed elastic ep scattering data at several energies with the help of Rosenbluth differential cross section formula (15) where the t-dependencies of both the electric and magnetic form factors have been parametrized by the formulas (being different for both the electric and magnetic form factors) may be found in [81] ; the corresponding electric and magnetic form factors may be denoted as G BO E (t) and G BO M (t). Different shapes of electromagnetic form factor parametrizations have been proposed by Arrington et al. [82, 83] (denoted as G AR E (t) and G AR M (t)) and Kelly [84] which has been applied by Puckett [85] (denoted as G PU E (t) and G PU M (t)), too. Extending the measurements of the proton electric and magnetic form factors to higher values of |t| has offered a chance for a better description of the influence of electromagnetic proton structure in the elastic pp collisions at high energies. However, this approach may be considered as fully entitled assuming that the electric and magnetic form factors determined from an analysis of elastic ep scattering are identical with the form factors involved in a description of pp elastic scattering (which should be tested in the future).
The relatively recent determination of t-dependent electric and magnetic form factors has been done by Arrington et al. [83] (see also [77, 82] ) in the relatively broad region of −t ∈ (0.007, 5.85) GeV 2 . In this region we may express (refit) the form factors using the parameterizations of Borkowski given by eqs. (23) and (24) . The refitted parameters are in table I; the corresponding electric and magnetic form factors (which we will use extensively later) may be denoted as G BN E (t) and G BN M (t). The mentioned electric and magnetic form factors (in different parameterizations)
are shown in figs. 1 and 2.
The effective electromagnetic form factor squared
appearing in eq. (15) has been introduced in [86] for analysis of elastic pp scattering as the term in eq. (15) proportional to tan 2 θ 2 can be neglected in linear α approximation (onephoton exchange) [83] . One may define effective electric form factor squared as 
and effective magnetic form factor as
The graphs of the effective electric form factor G 2 E,ef f (t), the effective magnetic form factor G 2 M,ef f (t) and effective electromagnetic form factor G 2 ef f (t) corresponding to the G BN E (t) and G BN M (t) (i.e., Borkowski's parameterization with the newly determined values of free parameters) are shown in fig. 3 . For the comparison also the electric form factor 0.8
Effective form factors corresponding to G BN E (t) and G BN M (t) (see eqs. (25) to (27) ) and compared to (G BO E (t)) 2 .
(G BO E (t)) 2 used in [73] is plotted. Fig. 3 shows that the t-dependence of the effective electromagnetic form factor G 2 ef f (t) in eq. (25) is different from that one appearing in original Borkowski's et al. parameterization eq. (23) which has been used in analysis of experimental elastic pp data in [73] . One may ask what may be the difference in the result if also magnetic form factor is included. In next section it will be, therefore, shown how to generalize the approach in [73] to take into account either the effective electric or the effective electromagnetic form factor in the eikonal model description of elastic pp collisions.
III. EIKONAL MODEL DESCRIPTION OF COULOMB AND HADRON INTERFERENCE
A. Eikonal complete amplitude with effective electromagnetic form factors
Instead of the limited approach of WY (see sect. I) it is necessary to give the preference to a more suitable eikonal approach concerning description of Coulomb-hadronic interference, based on impact parameter representation which has been proved to be mathematically consistent and valid at any s and t [87] . In the eikonal model the complete elastic scattering amplitude F C+N (s,t) has been introduced as the function of common eikonal being equal to the sum of individual (Coulomb and hadronic) eikonals [72, 88] . This approach has been used by Cahn [89] who has rederived the West and Yennie simplified formula (9) using several approximations similar to the ones used by WY.
However, the eikonal model approach can be used in a more general way as it has been shown in [73] . The complete elastic scattering amplitude in this approach may be written as
and
here G 2 eff is effective form factor squared given by (25) reflecting the electromagnetic structure of colliding charged hadrons and t = t + t + 2 √ tt cos Φ . Comparing the t-dependence of the complete eikonal scattering amplitude given by eq. (28) with the standardly used complete WY scattering amplitude (9) one may see the substantial difference between these two approaches. Instead of calculating the relative phase between the Coulomb and elastic hadron components the shape of the whole complete elastic amplitude has been derived in the eikonal model approach. More detailed analysis [25, 90] shows then that the function G(s,t) represents the convolution between the Coulomb and hadronic amplitudes, which is in general a complex function.
At difference to the previous approaches one complete amplitude F C+N (s,t) describes the influence of both the Coulomb and elastic hadron nucleon collisions at any finite s in the whole interval of t ∈ t min , 0 up to the terms linear in α. Formulas (28) , (29) and (30) may be used in two ways: either for establishing the elastic hadronic amplitude F N (s,t) from the analysis of measured corresponding differential cross section data provided the hadronic amplitude is conveniently parametrized as it has been done in [73] . Or for a consistent inclusion of the influence of Coulomb scattering if the elastic hadronic amplitude is phenomenologically established as it has been done in [91] in the case of predictions of pp elastic differential cross sections at the LHC.
The use of electromagnetic form factors reflects the influence of both the electric and magnetic charge structures of colliding nucleons. Only the electric form factors given by eq. (23) have been used originally in [73] to calculate F C+N (s,t) according to eq. (28) for analysis of experimental data. It has enabled to include in the elastic scattering the influence of electric space structure of colliding protons. Such an approach can be generalized by taking into account also the influence of the proton magnetic form factor, i.e., the interaction of magnetic moment of the proton with Coulomb field of the other colliding proton.
The influence of the magnetic form factors in the case of elastic pp scattering at high energies have been theoretically studied by Block [24, 86] . However, this approach has been based on the application of standard WY complete elastic amplitude containing originally only the dipole electric proton form factors given by eq. (11) which have been replaced by effective electromagnetic form factor (25) containing also dipole magnetic form factor (22) . Such an approach, however, contains many limitations and deficiencies as it has been discussed in sect. I.
Unlike the approach of WY (see sect. I) the electromagnetic form factors form the part of Coulomb amplitude from the very beginning in the eikonal model. Due to the integration over all kinematically allowed region of t in eq. (29) the t -dependence of effective electromagnetic form factors should describe the charge distributions in the largest interval of momentum transfers t as possible. For some suitable tdependent parameterizations of electromagnetic proton form factor the integral I(t,t ) may be analytically calculated (see sect. III B) which helps in numerical calculations in application of the eikonal model to experimental data. The elaborated approach then enables to study either the influence of individual effective electric or magnetic form factor or the common influence of both of them.
B. Analytical expression of integral I(t,t )
It has been mentioned in sect. III A that the integral involving the electromagnetic proton form factors (30) may be calculated analytically for some form factors. It is sufficient to integrate only over a finite region of momentum transfers in formula (28) since the whole integral is multiplied by the elastic hadronic amplitude F N (s,t) the modulus of which decreases at high |t| approximately like |t| −4 -see, e.g., [92] . The used limited integration region of momentum transfers allows us to use some simpler formulas for the ep form factors enabling us much simpler analytical calculation.
In [73] the integral I(t,t ) was analytically calculated only for electric form factor parameterized according to (23) . The same analytical formulas for this integral have been also used in [91] . The integral may be analytically calculated also for effective electromagnetic form factor given by eq. (25) if the corresponding electric and magnetic form factors are given by eqs. (23) and (24) . Due to the fact that both the effective form factors have more complicated t-dependences the corresponding formulas will be also a little bit more complicated than that ones in [73] .
The analytical calculation of the new form of the integral I(t,t ) in eq. (30) has been calculated with the program Mathematica [93] and equals to the sum of two contributions coming from the electric and magnetic form factors which contain now some kinematical factors (r p = −τ/t = 1/(4m 2 ))
The contribution of electric form factor in this equation is given as follows. For j = k it holds
while for j = k one has
The quantities U, R and P E j are the functions of t and t variables defined as
Similarly the quantity W E jk is also the function of t and t variables and equals
The contribution of magnetic form factor is represented by the second term in eq. (31) . The integral for m = n equals to
and for m = n it equals
The quantities P M m and W M mn are the functions of t and t variables and equal
Then the complete elastic scattering amplitude in the eikonal model describing the common influence of Coulomb and hadron scattering in one-photon exchange approach which is valid up to the terms linear in α is generally given by eqs. (28) to (30) with the quantity I(t,t ) given by eqs. (31) to (41) . This newly derived form of the complete elastic scattering amplitude, enabling to study influence of different form factors, will be used for the analysis of pp elastic scattering data at 53 GeV at all measured values of t in a unique way in sect. V.
IV. ELASTIC HADRONIC AMPLITUDE
For the description of hadron interactions, mainly in the case of deep inelastic scattering processes, quantum chromodynamics (QCD) has been commonly made use of. However, in the case of elastic and other diffractive processes there has not been any significant progress in spite of enormous effort having been produced. The point is that the perturbative methods, being principally involved in QCD descriptions of hard processes, may be hardly applied to in the case of soft diffractive processes.
This has been especially the case of elastic hadronic amplitude describing the scattering of charged nucleons where differential cross section data have been obtained with relatively large statistics. The observed dip-bump (or shoulder) structure of high-energy data has been usually described with the help of a complex hadronic amplitude F N (s,t) having the dominant imaginary part in a broader region of lower |t| and vanishing in the region of diffractive minimum. The real part (very small in the region of low deviations) has been introduced to obtain a non-zero value at the diffractive minimum.
This currently accepted dominance of the imaginary part of the hadron elastic amplitude has seemed to be supported by the theorems derived at asymptotic energies and has been introduced on the basis of some a priori assumptions (being accepted by most physicists) [94] [95] [96] [97] [98] [99] [100] [101] . However, it has been shown [5, 6, 102, 103] that the experimental data, e.g., for pp andpp elastic hadron scattering at the ISR energies, have behaved according to these theorems at most only in a very narrow interval of t close to t = 0 where the dominance of imaginary part may exist while fundamental deviations may appear in a greater interval. Consequently, the application of the mentioned assumptions to elastic hadron scattering at present energies in a broad interval of momentum transfers can be hardly justified.
The mentioned standard properties of hadronic amplitude might seem, of course, to be justified for the authors of the first papers analyzing the elastic pp scattering at the ISR energies [32] [33] [34] [35] [36] ; consequently, they obtained the central profile function of elastic hadron scattering D el (s, b) in the impact parameter space, represented by a Gaussian function narrower than that obtained for inelastic one. All consequences have been denoted as reliable results, even if the colliding protons have had to behave as transparent objects in elastic collisions.
Similar amplitude characteristics have been used as a starting point of many analyses concerning the elastic pp andpp scattering at different energies; see, e.g., [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . These authors have tried to determine the elastic hadronic amplitude directly from the experimental data of dσ dt provided the following assumptions were accepted [40] : the elastic hadronic amplitude has been taken as smoothly energy dependent and purely imaginary. Then the imaginary part has been parameterized by a sum of n (n ≤ 5) differently weighted exponentials in t:
The role of the real part has been admitted only as a small partial fraction of corresponding imaginary part, i.e., the number of its contributing terms has been smaller than n (as, e.g., in [40, 43, 44, 48] ); or specified with the help of derivative dispersion relations as in [42, [45] [46] [47] 51] . Also additional linear logarithmic t-dependencies of all quantities β j (s) and quadratic logarithmic t-dependencies of all quantities α j (s) have been introduced in order to better reproduce the corresponding differential cross section. Similar behavior of elastic hadronic amplitude has been also used in papers [49, 50] where the model of stochastic vacuum to the pp andpp elastic scattering has been applied to. The individual free parameters specifying the quantities α j (s) and β j (s) have been determined by fitting measured differential elastic cross section. However, as the FB transform of F N (s,t) (see eqs. (12) and (58)) is additive and as it holds (see, e.g., formula (6.631.4) in [104] )
final elastic impact parameter profile D el (s, b) is given by superposition of different central Gaussian functions with the maximum at b = 0; their shapes being chosen as central from the very beginning. It is already the choice of the parameterization of F N (s,t) which predetermined the result independently of actual values of the free parameters.
Similar weak t-dependence of hadronic phase ζ N (s,t) in quite broad interval of lower |t| values and imaginary part of F N (s,t) being equal to zero in the dip region has been used in majority of contemporary published papers practically without any deeper reasoning -see, e.g., [58, 59] and discussion of some other phenomenological models in [91] . It means that in all cases the elastic collisions have been taken as central from the very beginning.
However, the existence of minimum (dip) in the differential cross section observed practically in all elastic hadron collisions (see, e.g., [1] ) does not require zero value for imaginary part of the amplitude; only the sum of the squares of both the real and imaginary parts should be minimal in this region. The mentioned requirement that the imaginary part should vanish in this region represents much stronger and more limiting condition that the theory and experiment require.
It has not been respected at all, either, that a very different behavior of pp collisions may be derived with the help of a non-dominant imaginary part as it has been shown already earlier in 1981 [64] . In such a case a peripheral behavior of elastic processes may be derived. It has been shown then in [5, 6, [65] [66] [67] 73] that one may obtain a peripheral picture of elastic hadron scattering for pp collisions at the ISR energies (52.8 GeV) and forpp scattering at the energy of 541 GeV if the hadronic phase ζ N (s,t) changes rather rapidly (see the second term in eq. (81)). In peripheral case the imaginary part of the amplitude goes to zero at value of |t| ∼ 0.1 GeV 2 . It means that the imaginary part of the elastic hadronic amplitude may be dominant only in a very narrow region of momentum transfers near the forward direction; the given behavior of the hadronic phase ζ N (s,t) being still in a full agreement with the assertions of the mentioned asymptotic theorems.
If one assumes that the measured elastic differential cross section is given by hadronic interaction (Coulomb effects neglected), i.e., dσ dt = dσ N dt , then according to eq. (1) the measured differential cross section is determined only by the square of the modulus F N (s,t) of elastic hadronic amplitude; phase ζ N (s,t) does not enter into the calculations. A conveniently parameterized t-dependence of the modulus alone can be used for fitting the experimental data.
On the other hand for the determination of both the real and imaginary parts of elastic hadronic amplitude the knowledge of its modulus is not sufficient; the behavior of t-dependent phase ζ N (s,t) should be known, too. Performing the FB transform of both of these parts the behavior of all the profiles in the impact parameter space may be determined. Thus the t-dependence of the phase ζ N (s,t) specifies the behavior of elastic hadron scattering in the impact parameter space.
If in fitting procedure some arbitrarily chosen parameterizations of both the imaginary and real parts have been used as it has been done, e.g., in [41-47, 49-51, 53] , then the dominance of the imaginary part of elastic hadronic amplitude in a much broader region of momentum transfers then needed has been implicitly incorporated; it has led to the central image of elastic hadron collisions. The hadronic phase has been strongly limited also in the approach introduced in [48, 52] where the parametrization (a i , b i , c j and d j being free energy dependent parameters)
has been suggested. The parameterization may look quite general, however, it has been constrained as the values of ρ and σ tot have been taken inconsistently from the simplified WY approach which is strictly assuming purely exponential modulus F N (s,t) and constant phase ζ N (s,t) at all kinematically allowed values of t, see sect. I. The hadronic amplitude given by eq. (44) has been fitted to measured data with the help of eq. (1) (i.e., without considering any Coulomb effect) which means that the t-dependence of its phase has not been constrained by data at all (as mentioned above) and had to be chosen differently. Such data analysis can be, therefore, hardly denoted as unconstrained and model-independent. The description of elastic scattering data on the basis of the parameterization (44) performed in [52] has lead to central character of elastic collisions; the t-dependence of the corresponding hadronic phase has not been, unfortunately, discussed at all. If the real and imaginary parts of elastic hadronic amplitude are parameterized with the help of some free parameters as, e.g., in eq. (44) then only the free parameters of the corresponding modulus may be determined by fitting them to experimental data (if no Coulomb-hadronic interference is taken into account). In such a case the corresponding hadronic phase may be established only if the free parameters of the phase are subset of the free parameters specifying the modulus or some other constrains are introduced. In the former case the t-dependence of the phase is strongly constrained from the very beginning by the choice of the parameterizations of the real and imaginary parts. In the later case the additional constrains should be always clearly mentioned. In both the cases one should look for corresponding justification of the given assumptions.
All the published phenomenological models of elastic pp scattering at high energies have the standard elastic hadron amplitude with dominant imaginary part vanishing in a neighbourhood of diffractive minimum and leading to a central image of elastic hadron pp scattering (see, e.g., [91] ). Similar conclusions can be obtained with the QCD-inspired model of Block et al. [105] . Their eikonal model has been based on the idea that the interactions between hadrons are described in terms of interactions between their constituents: quarks, gluons and with allowance for soft interactions at small values of |t|. As to each sort of interaction corresponds one type of eikonal which is given by the product of corresponding constituent cross section with overlap function being defined in terms of the relevant distributions in the proton (by their convolutions). Assuming that the hadron matter distributions are similar as the distributions of their electric charge all the distributions of the hadronic components have been central which finely also have led to central distributions of elastic hadron scattering. It is possible to expect that if the peripheral character of individual hadronic components is assumed that the resulting hadron interaction might be peripheral, too.
In analysis of experimental data more general parameterizations of both the modulus F N (s,t) and of the phase ζ N (s,t) should be, therefore, preferred than those used in the quoted papers. More attention should be devoted mainly to the determination (choice) of t-dependence of the hadronic phase and discussion of corresponding characteristics of collisions in dependence on impact parameter. The t-shape of hadronic amplitude may be also constrained by the well known requirements and theorems derived within the framework of axiomatic field theory (see, e.g., review [106] ). One may then ask whether it is possible to describe data under a given set of assumptions. Results obtained under different assumptions should be compared and discussed. Such an analysis of experimental data will be performed in next section. It was shown in sect. II that the recent analyses of both electric and magnetic proton form factors showed some deviations from standardly used dipole formulas. One may see in fig. 3 that the effective electromagnetic form factor has quite different values than the widely used electric one for analysis of pp experimental data. It is clear that the inclusion of magnetic form factor might have an impact also on the results of analysis of elastic pp scattering data at high energies.
We have, therefore, performed new analysis of pp elastic scattering data at the ISR energy of 52.8 GeV with the help of the eikonal model (see sect. III) similarly as it has been done in [73] but now with the help of effective electric form factor (26) and effective electromagnetic form factor (25) . Form factors G BN E (t) and G BN M (t) (i.e., Borkowski's et al. parameterizations (23) and (24) specified by parameters taken from table I) have been used for this purpose.
For both the form factors a description of pp elastic collision data based on hadronic phase corresponding to the widely used assumptions (namely to the dominance of its imaginary part in quite broad region around t = 0) and leading to the central behavior of elastic collisions has been compared to the alternative peripheral description having different t-dependence of the phase. In the peripheral case some new possibilities corresponding to different values of elastic root-mean-square b 2 el have been newly performed.
Conveniently parameterized elastic hadronic amplitude F N (s,t) has been fitted to the measured pp elastic differential cross section in quite broad interval |t| ∈ 0.00126, 9.75 GeV 2 [107] (see the data points in fig. 4 ) with the help of eq. (1) and complete amplitude F C+N (s,t) given by eqs. (28) and (29) . The integral I(t,t ) in eq. (29) has been analytically calculated using eqs. (31) (30). The result of numerical integration of the complete amplitude performed for the measured t values should be finite. The formulas (both analytical and numerical) for the integral I(t,t ) contain singularity at t = t . However, this singularity is canceled by the factor
− 1 in eq. (29) . The integration in eq. (29) needs to be treated with care at t equal to t and 0 (for both numerically and analytically calculated function I(t,t )) 1 . The integrals in the regions (t min ,t − ε) and (t + ε, −ε) where ε is small and positive, should be convergent. Also the integrand leading to the different improper integrals should be convergent in all the regions. Using the theorems valid for the values of improper integrals (see, e.g., [108] ) their values can be easily calculated in the limiting case when ε → 0. All the fits have been performed by minimizing the corresponding χ 2 function with the help of program MI-NUIT [109] . Quoted uncertainties of free parameters have been estimated with the help of HESSE procedure in MI-NUIT. Uncertainty σ f of a function f depending on free parameters x i has been calculated with the help of
where σ x i stands for uncertainty of the i-th parameter.
B. Central case
The analysis of experimental data with the help of eqs. (28) and (29) plex elastic hadronic amplitude F N (s,t), i.e., its modulus and its phase. The modulus may be parameterized quite generally as
The integration limit t min in eq. (29) is lesser than the lower limit of measured data. The t-dependence of the modulus parametrization given by eq. (46) can be continuously extrapolated to the lower values of t in agreement with [110] . The hadronic phase ζ N (s,t) corresponding to the widely used assumptions leading to central behavior of elastic collisions in impact parameter space may be parameterized as (see, e.g., [39] ) (47) where t dip is the position of the dip in data and ρ 0 = ρ(t = 0). All parameters specifying the modulus and the phase of elastic hadronic amplitude F N (s,t) may be energy dependent.
The fitted values of all free parameters are in table II for the effective electric form factor (Fit 1a) and in table III for effective electromagnetic form factor (Fit 1b). Both the fits are quite straightforward (the functional t-dependence of the "standard" phase is very limited) and very similar. Determined values of several physically interesting quantities calculated from the fitted hadronic amplitude for each of the two fits may be found in tables II and III. The total hadronic cross section σ tot has been calculated using the optical theorem (10), integrated elastic hadron cross section σ el using the first equation in eq. (64) and inelastic σ inel as their difference. The values of quantities σ tot , ρ(t =0) and B(t =0) in tables II and III may be compared to similar values σ tot = (42.38 ± 0.27) mb,
determined earlier in [111] (see also [112] ) on the basis of the simplified WY formula (9) . However, the simplified WY complete amplitude (9) has been applied to only in the very narrow region |t| ∈ 0.00126, 0.01) GeV −2 , while the Fits 1a and 1b have been performed in much broader measured region of |t| ∈ 0.00126, 9.75 GeV 2 . While in eq. (9) it has been assumed that ζ N (s,t) and B(t) are t-independent these quantities are t-dependent in the Fits 1a and 1b, see the graps in figs. 5 and 6 (the dotted lines). Fig. 6 clearly shows that diffractive slope is not constant in the analyzed region of t; therefore one of the assumptions used in derivation of simplified WY complete amplitude (9) (28) and (29) To test consistency of our calculations the integrated cross sections σ X and mean impact parameters b 2 X discussed above have been also calculated integrating the corresponding profile functions D X (b) with the help of eqs. (76) and (78) 
enabling to include a fast increase of ζ N (s,t) with increasing |t| and, consequently, a peripheral behavior of elastic hadronic scattering. Natural question arises under which conditions both the parameterizations of the modulus given by eq. (46) and of the phase eq. (49) represent the analytical function of complex variable t as standardly required (see [113, 114] and review [106] ). The parameterized modulus in eq. (46) forms the real analytical function and its analytical properties are preserved also in the case of complex variable t. However, the same statement is not valid for the phase introduced by eq. (49) due to the power t t 0 κ in it. For complex variable t this power is analytical at the point t = 0 only if parameter κ is positive integer. Thus the analyticity of the elastic hadron phase for complex t is guaranteed only for positive integer values of parameter κ. As the complex goniometric functions sin(x) and cos(x) are analytical for complex variable x, both the real and imaginary parts of elastic hadron amplitude are analytical, too. It means that the positive integer value of parameter κ guarantees that the parameterization of elastic hadronic amplitude given by eqs. (46) and (49) is also analytical for complex t. The parameter κ = 3 may be taken in the following fits.
The parameterization (49) is much more general and flexible than (47) as it may reproduce quite broad class of tdependent functions which all fit measured data and lead to either central or peripheral behavior. To obtain peripherality we have required for the corresponding root-mean-square impact parameter values to hold b 2 el > b 2 inel and D el (b) to have its maximum at some non-zero impact parameter b. However, the fit has not been unique. We have, therefore, further required value of b 2 el to be around 1.66, 1.80 and 2.00 fm and looked for the values of all the free parameters separately in these 3 cases. If all these additional conditions bounding the values of fitted free parameters have been imposed on them corresponding unambiguous fits have been found.
Mathematically speaking one had to solve the problem of bounded extrema of the χ 2 function, i.e., of the function of the n free parameters x = (x 1 , ..., x n ) which may be solved with the help of penalty functions technique. If at the minimum of the χ 2 the values of the free parameters x are limited at point x 0 by some condition g(x = x 0 ) then one may add to the minimized χ 2 function additional function [g(x) − g(x=x 0 )] 2 * C p , where C p is some chosen constant value (weight of the penalty function). In the case of several limiting conditions the resulting penalty function is given by the sum of all individual penalty functions which is added to the original χ 2 during minimization. Performing the minimization procedure one can significantly influence the way how the position of the minimum can be achieved. When performing several successive minimizations one has to decrease successively the values of all the penalty constants C p in such a way that the position of the minimum is being preserved. Using this approach the added value of total penalty function ∆χ 2 may become finally very small compared to the value of the original χ 2 . Table II contains the results of three fits corresponding to the different values of b 2 el and the effective electric form factors (Fits 2a-4a) . In all the three fits it indeed holds b 2 el > b 2 inel as required. Table III shows the results of the next three analogous fits of peripheral elastic hadron pp collisions but with effective electromagnetic form factor (Fits 2b-4b). These two tables also contain the final values of penalty functions ∆χ 2 which are small compared to the χ 2 values.
Differential cross sections corresponding to the peripheral Fits 2a-4a and 2b-4b are very similar to those plotted in fig. 4 . The diffractive slopes B(t) for all the Fits 2a-4a and 2b-4b calculated with the help of eq. (6) are shown in fig. 6 ; their t-dependences are quite similar for all the central and peripheral pictures of elastic pp scattering discussed here.
However, the phases ζ N (s,t) in the peripheral fits are very different from those corresponding to the central cases already at very small values of |t|, see fig. 5 . Fig. 9 shows tdependence of elastic hadronic phase ζ N (s,t) and diffractive slope B(t) corresponding to one of the peripheral fit (Fit 3b) and compared to the t-independent values (48) determined on the basis of the simplified approach of WY.
It may be interesting to note that all the peripheral fits fulfill conclusion of Martin's asymptotic theorem [115] (derived later in 1997) requiring, under certain assumptions, the real part of elastic hadronic amplitude to be zero at smaller value of |t|. fig. 11 contains the t-dependences of fitted real and imaginary parts of elastic hadronic amplitudes corresponding to Fits. 1b-4b. Only in the peripheral cases the corresponding real parts change their sign at |t| ≈ 0.2 GeV 2 . The t-dependence of central hadronic phase (47) is not analytic function in complex t-plane due to its pole at t = t dip ; therefore Martin's theorem cannot be applied. In the case of the approach of WY assuming t-independent hadronic phase and purely exponential modulus of F N (s,t) (see sect. I) the conclusion of the Martin theorem does not hold, see fig. 12 .
For the total mean impact parameter b 2 tot practically the same value of ∼ 1.02 fm has been obtained in all the Fits 1a-4a and 1b-4b. As to the numerically greater values (∼ 1.66 ÷ 2.00 fm) of b 2 el in the peripheral cases it is given by the second term in eq. (81) Very similar plots to figs. 7 and 8 corresponding to Fits 2b-4b may be obtained also for the other peripheral Fits 2a-4a including effective electric form factors. It may be seen from tables II and III and figs. 7 and 8 that even if data may be fitted in the central and peripheral cases equally well in terms of χ 2 /ndf value the corresponding behavior of proton collisions in impact parameter space is completely different. In any of the discussed peripheral cases one may obtain elastic profile function D el (b) having its maximum at some b > 0. Elastic profile functions D el (b) corresponding to the peripheral Fits 2a-4a and 2b-4b are for comparison plotted in fig. 10 . The non-zero function c(s, b) discussed in details in appendix A and shown in fig. 8 in any of the peripheral cases enables to define non-oscillating and non-negative profile functions. In the central case the function c(s, b) plays much less significant role.
Similarly as in sect. V B, it has been checked for all the Fits 2a-4a and 2b-4b that after integration of profile functions D X (b) according to eqs. (76) and (78) one obtains the same values of integrated cross sections σ X and mean impact parameters b 2 X as in tables II and III. Performed Fits 1a-4a and 1b-4b show that the impact of choice of proton form factor (effective electric vs. effective electromagnetic) is negligible with respect to choice of tdependence of elastic hadronic phase which may significantly change interpretation of behavior of proton collisions in dependence on impact parameter. The eikonal model is more suitable for analysis of t-dependence of hadronic phase on the basis of experimental data then the WY approach, see additional comments in appendix B.
D. Summary
In the case of the simplified approach of WY the hadronic phase is, without any justification, assumed to be t-independent (see sect. I). For this reason, there is no ambiguity on determination on the phase from experimental data (in this case parameter ρ determines hadronic phase at all values of t, see fig. 9a ). More recent models of hadronic amplitude F N (s,t) do not assume t-independent hadronic phase but typically assume dominance of imaginary part of the amplitude in the forward region and vanishing of the imaginary part in the region of diffractive minimum, see sect. IV. However, these a priory constrains have never been justified in literature. Moreover, very often the models of hadronic amplitude are fitted to data without taking into account Coulomb-hadronic interference. In this case the hadronic phase is, therefore, not constrained by experimental data at all (only modulus of the amplitude can be determined). It is not good sign that choice of t-dependence of the phase is very often not discussed in the corresponding papers at all (usually there is no plot of the phase).
We have tried to open the problem and show some possibilities allowed by the eikonal model. Several fits of the same data under different assumptions have been performed and compared. It is the result of our analysis, that the choice of form factor (effective electric vs. electromagnetic, i.e., inclusion of magnetic moment) has quite negligible impact on the determined hadronic quantities in the eikonal model approach. However, the choice of t-dependence of hadronic phase fundamentally changes behavior of the collisions in dependence on impact parameters (or vice versa). In this case there is, therefore, corresponding ambiguity in the description which should be further studied. More (precise) data and in broader interval of t-values may help in this direction but it is quite clear that better understanding of elastic collisions should focus also on deeper analysis of assumptions involved in models applied to experimental data.
VI. CONCLUSION
The measurement of elastic differential cross section dσ dt represents main source of experimental data for the analysis of elastic processes of protons. The goal of quantumtheoretical description consists in separating of Coulomb and elastic hadronic collisions and determining elastic hadronic amplitude F N (s,t), from which conclusions concerning structure (or hadronic interaction) of colliding particles should be derived. However, there has not been any actual theory until now which would reliably determine its corresponding tdependence.
In the past the simplified approach of West and Yennie has been made use of for separation of Coulomb and hadron interactions. However, this method is not theoretically consistent and is not in sufficient agreement with the measured data. It contains many limitations as it has been discussed in sect. I. It has been applied to the analysis of the data only in a very narrow region of momentum transfers in forward direction and the influence of Coulomb scattering at higher values of momentum transfers has been always neglected by definition. The elastic scattering at higher values of momentum transfer has been always described phenomenologically as purely hadronic scattering. Such a duality approach in the description of elastic hadron collisions can be hardly justified. It has been argued in [28] that already the integral formula (3) for relative phase αφ (s,t) is limited to t-independent quantity ρ(s,t). The WY approach cannot be, therefore, used for analysis of experimental data with arbitrary t-dependence of hadronic phase, i.e., one cannot study b-dependent characteristics of pp collisions in this approach, see also appendix B.
The eikonal model approach, based on the complete elastic scattering amplitude F C+N (s,t) fulfilling eqs. (28) to (30), provides more reliable basis for analysis of elastic collisions of (charged) hadrons. In principle it is established on the fact that the common influence of the Coulomb and hadronic elastic scattering can be reliably described by the sum of the Coulomb and elastic hadronic eikonals and without any a priori limitation on t-dependence of the elastic hadronic amplitude. However, analyses of experimental data have showed that the complex hadronic component F N (s,t) cannot be uniquely established; in principle, only its modulus may be determined from measured elastic differential cross section while the t-dependence of its phase has been only partially constrained when Coulomb-hadronic interference (the region of very small |t|) has been taken into account.
In the majority of published analyses of experimental data the corresponding freedom has been, however, strongly limited by the choice of amplitude parameterization. The imaginary part has been usually assumed to be dominant in a great interval of t and vanishing in the region around diffractive minimum; with the real part determining the non-zero value of differential cross section in the diffractive minimum; see, e.g., the earlier papers [32] [33] [34] [35] [36] [37] [38] [39] , [116] [117] [118] [119] [120] [121] [122] [123] [124] and also recent papers [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [58] [59] [60] . Only a very small change of phase with rising |t| has been allowed in a great region of |t|. The so-called central behavior in impact parameter space has been then obtained in such a limited case; elastic processes being more central (i.e., existing for very small b even at b = 0) than inelastic ones. Transparent protons during elastic processes may be hardly brought to agreement with the existence of inelastic processes when hundreds of particles have been formed at the same energy. Description corresponding to these widely used assumptions has been fitted to experimental data at energy of 52.8 GeV in sect. V B.
Much more general parameterization of the hadronic amplitude F N (s,t) has been used in sect. V C. A rather steep rise of phase ζ N (s,t) with increasing |t| already at very small values of |t| has been allowed. It has been possible to obtain strongly peripheral impact parameter profile for elastic processes; the imaginary part (dominant at t = 0) going quickly to zero with rising |t| (Im F N (s,t) = 0 for t −0.1 GeV 2 ).
Similar analysis of experimental data with the help of eqs. (28) to (30) has been done already earlier in [73] . In this paper different alternatives corresponding to the peripheral behavior have been newly shown. In [73] only electric form factors have been taken into account. It has been explicitly shown in this paper that addition of magnetic form factors does not lead to significant change of determined amplitude F N (s,t). For the purpose of this analysis integral I(t,t ) defined by eq. (30) has been calculated also analytically for one suitable parameterization of the form factors, see sect. III B.
The approach has been prepared and already used for analysis of pp elastic scattering at the LHC energies, see the very first results of similar analysis of 8 TeV data in the Coulombhadronic interference region measured by TOTEM in [125] .
One should be aware, too, that the electromagnetic form factors in ep and pp processes need not be the same, which should be tested in the future. Some other fundamental open problems concerning description of elastic hadron collisions may be found in [126] (see also, e.g., [127, 128] ). However, it is possible to say (against earlier conviction) that there is not any reason against more realistic interpretation of elastic processes when protons are regarded as compact (nontransparent) objects. 
Appendices A. IMPACT PARAMETER REPRESENTATION OF ELASTIC SCATTERING AMPLITUDE AT FINITE ENERGIES
In this section we will summarize the needed formulae for the mathematical consistent formalism of the elastic scattering amplitude in the impact parameter representation at finite energies. Similarly, the formulas enabling determination of the values of root-mean-squares of impact parameters characterizing total, elastic and inelastic collisions will be mentioned, too.
The function h el (s, b) defined by eq. (12) determines the impact parameter profile in the limit of s going to infinity as the FB transform introducing the impact parameter representation of elastic scattering amplitude requires the amplitude to be defined for all values of t from the interval (−∞, 0 [31, [129] [130] [131] [132] [133] [134] . For finite energy values the function F N (s,t) may be specified, however, in the kinematically allowed interval only: t ∈ t min , 0 , where t min = −s + 4m 2 and m is the nucleon mass in the case of elastic nucleon scattering.
In the following we shall follow the approach proposed in [31] . One may write
where θ stands for elastic scattering angle in the center-ofmass system. Let us define then the function A(s, y) by relation
where λ (s, y) is unknown complex function the real and imaginary parts of which are supposed to have following properties:
(s, y)dy are absolutely convergent,
• λ R,I (s, y) are of bounded variation for 1 < y < ∞.
Then according to Hankel theorem [135] the amplitude A(s, y) has FB transform for 0 < y < ∞
here we have introduced a new variable β = 2pb. More detailed insight to inverse FB transform offers MacRobert's theorem [136] [137] [138] which may be formulated as follows. Let the function F(s, y) is holomorphic in the interval p < y < q and let the function a(s, β ) can be expressed by the integral
for 0 ≤ p < q ≤ ∞ and Re ν > −1 then
MacRobert's theorem may be used to the FB transform of function F(s, y) as the elastic hadronic amplitude F N (s, y) is the holomorphic function inside Lehman's ellipse with foci -1 and 1 (see, e.g., [106] ). Then the original elastic scattering amplitude F N (s,t) is given by relation
which is the representation of elastic scattering amplitude in the impact parameter space. With the help of relation (51) the inverse relation to the relation (56) has a form
where
The function λ (s, y) as well as its FB image h 2 (s, β ) are in general complex functions. Similar relations may be derived also for the inelastic processes. Starting from the unitarity condition (14) in t variable (expressed now in y variable) and performing the FB transform of the real inelastic overlap function G inel (s, y) one may obtain
where the real function µ(s, y) must fulfill the same conditions as real and imaginary parts of function λ (s, y). The representation of elastic hadronic amplitude in the impact parameter space, i.e., h 1 (s, β ) in the physical region, should contain the same amount of physical information as the original amplitude F N (s,t). With the help of the optical theorem (10) the total cross section may be expressed using the b-dependent function h 1 (s, b) as [31, [129] [130] [131] [132] [133] [134] 
and also the integrated elastic cross section may be written as
The integrated inelastic cross section (σ inel = σ tot − σ el ) is then given by relation [31, [129] [130] [131] [132] [133] [134] ]
The unitarity equation in the impact parameter space can be written in a generalized form as [31, [129] [130] [131] [132] [133] [134] Im
where the correction function K(s, β ) is limited by a condition
Also the functions h 2 (s, β ) and g 2 (s, β ) are limited by the similar conditions [31, [129] [130] [131] [132] [133] [134] , i.e.,
The function K(s, β ) equals [129] [130] [131] [132] [133] [134] 
The function K(s, β ) vanishes at β = 0 and b → ∞; and also at asymptotic energies (t min → −∞) [31, [129] [130] [131] [132] [133] [134] . Detailed analysis of high energy elastic pp scattering [91] has showed that the value of function K(s, β ) has very small impact on determination of the value of function g 1 (s, β ) calculated on the basis of eq. (66) . The shape of elastic amplitude in the impact parameter space h el (s, β ) determined by eq. (57) depends on the tdependence of elastic hadronic amplitude F N (s,t) in the unphysical region of t. As shown by Islam [87] the uniqueness of the F N (s,t) can be achieved if two t-dependent parts of the amplitude F N (s,t) in the physical and unphysical regions are bounded by the Sommerfeld-Watson transform. The elastic amplitude h el (s, β ) in the impact parameter space oscillates at larger β values; the oscillations disappear at infinite energies only.
The representation of the scattering amplitude in the impact parameter space has been defined in [31, [129] [130] [131] [132] [133] [134] as an analogy to partial wave analysis. From the requirement of equivalence of both these representations the question arises which conditions imposed on the elastic hadronic amplitude F N (s,t) guarantee the existence of its impact parameter representation. It is shown in [31, [129] [130] [131] [132] [133] [134] that the finiteness of the integrated elastic cross section (64) at finite energies guarantees its existence.
It has been shown in [73] that the 4 Im h 1 (s, b) and 4g 1 (s, b) obtained with the help of FB transforms oscillate at larger values of impact parameter b due to the fact that the region of kinematically allowed values of momentum transfers t at finite energies is limited and the region for t < t min is not taken into account. The oscillations appear not only in the case of peripheral behavior of elastic hadron scattering where they are very significant but also in the case of central behavior. The physical meaning may be, therefore, hardly attributed to the functions 4 Im h 1 (s, b) and 4g 1 (s, b) in eqs. (63), (65) and (66), even if their integrals represent corresponding cross sections, see also [87] . Only the non-negative function 4|h 1 (s, b)| 2 has been denoted as elastic profile function. According to [10, [25] [26] [27] 90] non-negative (non-oscillating) total and inelastic profile functions at finite energies may be defined if a convenient real function c(s, b) is added to both the sides of the unitarity equation (66) Im
It is then possible to define at finite energies total, elastic and inelastic profile functions
and rewrite the unitarity condition in b-space in the form
The shape of D tot (s, b) and D inel (s, b) might be then modified to become non-negative; the shape of elastic profile remains the same. The function c(s, b) should, however, fulfill some additional conditions. The total and inelastic cross section given by
(see eqs. (63) to (65)) remains unchanged if
The other physical quantities which should be preserved are the mean squared values of the total and inelastic impact parameters, i.e., function c(s, b) should not change the quantities b 2 tot and b 2 inel defined as
These quantities will be preserved if also
By definition all the mentioned processes (total, elastic and inelastic) are realized by strong interactions which are of finite ranges. Therefore both the integrals appearing in eq. (78) should be convergent. Condition β 1/2 h 1 (s, β ) ∈ L 2 (0, ∞) guarantees that all three integrals (for total, elastic or inelastic type X) in the denominator of eq. (78) are convergent; for the inelastic case also on the basis of unitarity condition given by eq. (66) . However, this condition does not guarantee the convergence of the integrals in the nominator of eq. (78); in order to achieve this we have to require the validity of stronger condition, i.e., that β 3/2 h 1 (s, β ) ∈ L 2 (0, ∞). Due to the unitarity equation the remaining two integrals corresponding to the elastic and inelastic scattering will be convergent, too.
The function c(s, b) should fulfill, therefore, the following conditions: it must remove the oscillations (provide the nonnegative function D tot (s, b)) and fulfill eq. (77) and eq. (79) .
It follows then from the Islam's approach [87] that the two conditions given by eqs. (77) and (79) 
where h 2 (s, b) is defined by eq. (59) and is based on analytical continuation of complex amplitude F N (s,t). It also means that one can hardly determine the function c(s, b) quite exactly on the basis of analyzing experimental data of elastic scattering corresponding always to very limited t-region (see also [26, 27] ). According to [90] the mean squares of total, elastic and inelastic impact parameter defined by eq. (78) may be determined directly from the hadronic amplitude F N (s,t) in t variable without being necessary to know the corresponding profile function or the function c(s, b). It is possible to write for the mean squared value of elastic impact parameters (82) The inelastic mean squared value is then given by
if the cross sections are determined using the optical theorem (10) and the first equation in (64) . The b-dependent profile functions may be determined in the following way. We may chose Gaussian shape of total profile function D tot (b) corresponding to the commonly assumed one [26] D tot (b) =ã 2 e −ã 1 b 2 (84) whereã 1 andã 2 are some parameters which may be expressed using eqs. (76) and (78) as (see integral formulas 3.461 in [104] )ã
The total profile function D tot given by eq. (84) may be, therefore, determined from values of σ tot and b 2 tot using optical theorem (10) and eq. (82), i.e., from t-dependent elastic amplitude F N (s,t). It means that using FB transformation (58) of F N (s,t) and eq. (75) the total, elastic and inelastic profile functions (and also the corresponding c(s, b) function) may be determined for a given F N (s,t). This approach has been used in sect. V where the hadronic amplitude F N (s,t) have been determined on the basis of experimental data using the eikonal model description of Coulomb-hadronic interference discussed in sect. III.
B. A PRIORY LIMITATION OF t-DEPENDENCE OF HADRONIC PHASE IN THE WY APPROACH
As it has been mentioned already in sect. I the quantities ρ(t) and B(t) in the simplified formula (9) of WY are assumed to be t-independent in this approach. In this case the imaginary part of relative phase αφ (s,t) given by eq. (3) is zero by definition. Taking numerical values of the free parameters for pp collisions at 52.8 GeV from (48) one may calculate the real part of relative phase αφ (s,t) according to eq. (3). The integral in eq. (3) may be calculated numerically and the result may be then compared to corresponding analytical calculation given by eq. (5) which has been widely used in past for analysis of experimental data. Fig. 13 shows that the analytically and numerically calculated Re αφ (s,t) are compatible at |t| 0.01 GeV 2 ; significant differences exist at higher values of |t|.
The formula (3) might seem to be considered as quite general, i.e., that the t-dependence of the relative phase αφ (s,t) could be uniquely determined for any t-dependence of elastic hadronic amplitude F N (s,t). However, it has been shown in [28] that the mentioned relative phase which has to be real by definition (it is defined as imaginary part of an other function, see [3] ) is real only provided the elastic hadronic phase ζ N (s,t) is t-independent in the whole integration region of eq. (3) . If the elastic hadronic phase is t-dependent then the function αφ (s,t) in eq. (3) becomes complex and looses its physical sense. One may test these aspects also by calculating numerically the relative phase αφ (s,t) given by eq. (3) for hadronic amplitude F N (s,t) having t-dependent hadronic phase. For this purpose one may take elastic hadronic amplitudes determined in the central Fit 1b and peripheral Fit 3b of pp elastic data at 52.8 GeV which have been performed in sect. V. Both the cases represent very different t-dependences of hadronic phases, see fig. 5b . Figs. 14a and 14b show comparison of t-dependence of the real and imaginary parts of αφ (s,t) corresponding to hadronic amplitude determined in Fit 1b. Figs. 14c and 14d then corresponds to hadronic amplitude determined in Fit 3b. As one may see the function Im αφ (s,t) is zero at |t| 0.9 GeV 2 in the central case given by Fit 1b which reflects the t-region where the corresponding hadronic phase ζ N (s,t) is roughly t-independent, see fig. 5b . At higher values of |t| the function Im αφ (s,t) is strongly t-dependent and significantly non-zero. In the peripheral case corresponding to Fit 3b function Im αφ (s,t) is significantly non-zero in the whole t-range, including very low values of |t|. In the peripheral case the hadronic phase ζ N (s,t) has strong t-dependence already at very low |t| values, see fig. 5b . These calculations explicitly show that the approach of WY may be, therefore, hardly suitable for analysis of experimental data with the help of general t-dependence of the elastic hadronic phase ζ N (s,t) (whole amplitude F N (s,t)), even in the region of very low values of |t|.
